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RESEARCH MEMORANDUM

DESIGN AND PERFORMANCE OF FLIGHT-TYPE LIQUID-HYDROGEN HEAT EXCHANGER

By David B. Fenn, Willis M. Bralthwalte
and Paul M. Ordin

SUMMARY

A liquid-hydrogen fuel system was developed to operate one of the
turbojet engines in a twin-englne light homber at an sltitude of 50,000
feet and a flight Msch number of O.75.<:§ ram-alr heat exchanger was used
in this fuel system to vaporize the liguid hydrogen.

The heat exchanger was evaluated in an altitude test chamber at the
NACA Iewls lsboratory in conjunmction with the complete sircraft fuel sys-
tem. The experimental results presented in this report indicate that a
ram alrflow of 1.76 pounds per second was sufficlernt to vaporize 565
pounds per hour of fuel. At this condition the air~side tempersbture drop
was 62° R, the average tube wall temperature was 346° R, and the heat-
transfer coefficient between the tube wall and the fuel was sbout 69
Btu/(hr) (sq £t) (°R) )

Some fuel sysﬁem instabilities were encountered during the investi-
gation. Although these could be of a very serious nature, in this case
they did not hamper flight operations.

INTRODUCTION

The problems involved in the use of high-energy fuels for obtaining
increased range and altitude capebilities for military alrcraft are cur-
rently under study. Liquid hydrogen lIs one such fuel which 1s attractive
because of 1ts high heat of combustion and 1ts potentlalities as a heat
sink for cooling. The structural problems imposed by the high tempersbures
assoclated with high flight speeds will present major difficulties unless
meny alrcraft and engine components gre cooled. An analyslis of the ad-
vantages of hydrogen as & coolant and the potentisl increases in aircraft
range and gltitude are presented In reference l. The medium used for
cooling the alrcraft structure, turbine, sfterburner liner, and aircraft
component parts may include ram alr, compressor bleed alr, or exhaust gas

1 C j sage through a‘heat exchanger designed to
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A project was esteblished at the NACA lewls laboratory to study the
problems associated with the use of hydrogen in aircraft by developing
and flight testing & complete hydrogen fuel system. The project involved
the modification of an exlisting twin-engine light bomber to ilnclude the
hydrogen fuel system. The fuel system was designed to operate one of the
two turbojet engines in the aircrafi for 1/2 hour at an altitude of 50,000
feet at & flight Mach number of 0.75. Liquid hydrogen was stored in a wing-
tip fuel tank, vaporized in a ram-alr heat exchanger, and burned in the
turbojet engine which was wmodified for use with either JP-4 or hydrogen
fuel. Since the heat-sink potential of the fuel was not utllized in this
initial aircraft fuel system, the heat exchanger was designed merely to
vaporize the fuel in order to provide a uniform fluid for control purposes.

The complete hydrogen fuel system was operated in conjunction with
the turbojet engine In an altitude test chamber prior to flight testing.
This report presents a description of the ram-air heat exchanger and
summarizes the heat-exchanger performance data obtained during the alti-
tude test chamber investigation. In addition, a discussion of the in-
strumentation used for low-temperature measurements is included.

ATRCRAFT FUEL SYSTEM

The fuel system used for this investigation and the alrcraft flight
tests (fig. 1) was designed to operate one engine with hydrogen for ap-
proximately 1/2 hour at an altitude of 50,000 feet and a flight Mach number
of 0.75. Hydrogen was stored as & liquld in the wingtip tank which was
insuleted with a polystyrene foam plastic. A complete description of the
fuel tank is included in reference 2. A helium gas pressurizing system
was used to force the fuel through the system to the combustor. Vacuum-
insulated piping was used between the tank and the heat exchanger to pre-
vent vaporization in the liquid flow line. The cold hydrogen ges was con-
ducted from the heat exchanger through a hydrogen flow regulator to the
turbojet combustor. A description of the regulator and the combustor
together with their performence is contained in references 3 and 4.

The heat exchanger was included in this fuel system to provide a
uniform fluld as a vapor to simplify fuel flow control. This heat ex-
changer was deslgned to vaporize the 52C 1b/hr of hydrogen required by
the engine at the selected fllght condition. In order to minimize
engine modifications, ram alr was chosen for the heat source instead of
coupressor bleed ailr or exhaust gas. Since the coeoling potential of the
fuel was not utilized in this initial alrcraft fuel system, the entire
difference between total and static pressures associated with the flight
condition was availsble to force alr through the heat-exchanger core and
assoclated ducting. To prevent the formation of liquid or solid air on
the heat-exchanger tubes, the unit was sized. to maintain wall temperstures
well sbove the boiling polnt of air (approx. 140° R).

i lanay
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The requirements of the heat exchanger which were speclfied by the
selected flight and engine operating conditions at 50,000 feet are summe-
rized as follows:

Inlet air total temperature, °R . . . . « . . . . . . . .. ... 437
Inlet air total pressure, l'b/sqftabs G« e e e s e e e s e+ ... 353
Altitude static pressure, 1bfsq £ 8b8 o « ¢ « « ¢ v ¢ ¢+ 4 o o . 243
Fuel FIow, ID/BT + & v v ¢ ¢ ¢ @ 4 o « s « o + o « s s o s o« o . 520
Fuel pressure, 1b/sq in. sbs . . e+ e e e e e e .. B5
Inlet fuel tempersture, °R (Batura.ted liquid.) e s e s e e e e« e e 4B
Tube wall temperature, R . « . ¢ ¢ ¢« « « ¢ = ¢ v o ¢ = s o « & o «>140
APPARATUS

Heat Exchanger

A schematic diggram of the heat exchanger used in this investigation
and for the alrcraft flight tests is presented in figure 2. The heat-
exchanger core was constructed in s simple crossflow arrangement using
short finned tubes manifolded together at the top and botitom to provide
vertical flow of the fuel inside the tubes. This configuration was used
in an effort to avold the severe unsteady flow conditlons reported in
references 5 and 6., The unlt reported In reference 5 was constructed by
using s multipass arrangement of finned tubes which resulted in long
narrow fuel passages. It was believed that the flow instabilities were
& result of the long narrow fuel passages in the heat exchanger. In the
present investigation liquid hydrogen entered the bottom manifold and
was vaporized inside the tubes by the rem slr flowlng over the external
fins. Hydrogen gas was collected in the upper manifold where splash
plates were installed to minimize liquid carryover. The Inlet and outlet
manifolds were of welded stalnless-steel construction silver-socldered to
the copper tubes. Integral finned copper tubes were selected for this
core to ensure good thermal contact between the fins and the tubes. A
photograph of the inlet ailr side of the heat exchanger ls presented in
figure 3, and the dimensions of the tubes and the core are summarized as
follows:

Integral finned copper tubes

Length, in. . . . e o s o * o e 8 8 s ° s & s s s a e = s e e s & « 12
Insidedia.me’ber,in... 5/8
Wall thickness, in. . . e e e s e s © e s e s s e s e s e 0049
Fin spacing, fins/in. . e e e s s e s e e . B §
F‘j-n OutSid.e d-imeter, i'ﬂ.. e e & ¢ ® a & @ 8 e o & © @& s 8 e s = * e ® l‘]-z'
Mean fin thickness, in. . . .« . ¢« ¢ ¢ ¢« ¢ ¢ ¢ ¢« ¢ ¢ ¢« « =« +» « « . 0.024
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Core
Total number.of tubes . « & ¢ 4 ¢ v & ¢ v ¢ ¢ o o ¢« v+ « o o « ¢ « = « 28
Width (normal to fuel and alr flows), iN. « « « o « o « « o o o o « =« 9%
Height (parallel to fuel flow), il. « + « « « o « o o o s s & « o « o 12
Length (parallel to airflow), L, 1. « « « « « « o « o = « « « o « « 1T
Frontal area, sq £t . . . . . . . ... e « « « s o . 0.813
Ratio of free flow aréa ofl air side to frontal BYe8 o« o « ¢« « « » 0.475
Air-side heat-transfer area, sq £t . . . . . . . . . . . . . . . . 45.9
FPuel-side heat-transfer ares, sg £t « - + « ¢« ¢« ¢ ¢ ¢« & v ¢ 4 ¢ « o 4.6

Altitude Test Chamber

A photograph of the altitude test chanmber installation of the hydro-
gen fuel system including the turbojet engine 1s presented in filgure 4.
The component parts of the system are ildentical to those later Installed
in the ailrcraft. The heat-exchanger manifolds were insulated with a
plastic foamed in place to simplify the evsluation of heat-exchenger per-
formance by minimizing heat lesk tc these areas. A bulkhead with a laby-
rinth seal around the engine inlet was used to gllow independent control
of the englne-inlet total pressure and the altitude static pressure. Ram
air for the heat exchanger was obtained shead of this bulkhesd. The outlet
air side of the heat exchanger was open to the engine compartment (alti-
tude static pressure). A butterfly valve in the heat-exchanger inlet duct
was provided to adjust the ram airflow.

Instrumentation

The evaluation of heat-exchanger performance is dependent upon the
measurement ofair, fuel, and tube wall tempersatures. Copper-constantan
thermocouples referenced to liquid nitrogen, bolling at atmospheric pres-
sure, were used to measure the inlet and ocutlet alr temperatures as well
as the tube wall temperatures. -

The sensltivity of a thermocouple to _temperasture changes decreases
rapidly as the tempersture level is reduced. The variation of signal
strength with temperature for a copper-constantan thermocouple is shown
in figure 5. - For temperstures in the r of liquid hydrogen (40° to
80° R) a signal strength of only 0.005 mv/CR is obtained. However, if
the change in resistance of a carbon resistor is calibrated with tempera-
ture for a constant current flow, a signal strength of 0.Z15 mv/oR can be
obtained in the same temperature range (fig. 5). Therefore, carbon re-
sistors were used to measure the temperature of the fuel at the inlet and
outlet of the heat exchanger., The circultry necessary to use a carbon
resistor is shown in figure 6 with the dimenslions of the pesrtlcular probes

S0g¥
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used in this investigatlion. A constent current of 0.1 milliamp was
supplied to the resistor with the 6-volt babtery, and the recording po-
tentliometer was used to measure the voltage drop across the resistor.
The current flow was measured with the 150-ohm precision resistor and
adjusted with the varisble 5000-ohm resistor. Periodic checks of the
current flow were made to ensure conslstent resulbs.

The locetion of the sir-side heabt-exchanger Instrumentation 1s shown
schematically in figure 7. Total-pressure and -temperature surveys were
mede in the airstream at the inlet and outlet of the core (stations 2 and
3). The ram airflow was measured in the 7-inch-dlameter duct shead of the
core (station 1) because the Mach number at this station was considersably
higher than at the hesb-exchanger inlet. The temperatures of the tube
walls were measured with copper-comstantan thermocouples peened into the
wall at the base of the fins. The lead wires were wrapped once around
the tube in the spiral spaces between the fins to minimize conduction
errors. Four thermocouples were attached to each of two tubes in the
banks of tubes at the air inlet and outlet of the heat exchanger. Their
actual locations are shown in the photograph of the inlet air side of the
core (fig. 3).

PROCEDURE

The hegt exchanger was operated in conjunction with a turbojet engine
in an altitude test chamber. To minimize the time required to cool the
fuel system to its steady-state operating condition, the heat exchanger
was cooled with ram alr before sbarting the flow of hydrogen. In addition,
the ram sirflow was maintained at a low value after starting untll the
heat-exchanger-outlet fuel tempersture decreased to sbout 140° R. The
ram air was supplied at total temperatures ranging from 430° to 451° R
with a moisture content of less than 0.5 grain per pound of dry air. The
heat-exchanger-inlet total pressure was varied from 250 to 400 Ib/sq i v
gbs to obtaln a range of ram airflows. The range of fuel flows and ram
airflowse included in this investligation is summarized in the following

table:

Alrflow, wy, | Fuel flow, wp

1b/sec 1b/hr

1.76 351 to 505

1.83 151 to 518

2.12 265 to 622
0.361 to 1.87 522
.537 to 2.21 571
.495 to 1.83 613
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(A1l symbols are defined in sppendix A.) An attempt was made to calculate
fuel flow from wmessurements made with & venturi located in the gas line
between the hydrogen regulator and the engine. However, these results

were lnconslstent because the exact thermodynamic state of the gas could
not be determined at temperatures close to that of the liquid. Erratic
changes in the heat-exchanger-outlet temperature indicated that some lig-
uld carryover was taking place. Therefore, the fuel flow rates presented
were calculated from the performance of the turbojet engine with an assumed
combustion efficiency of 98 percent (ref. 3).

Qoav

RESULTS AND DISCUSSION
Calculated Heat-Exchanger Performance

The heat exchanger was designed to supply the latent heat of vapori-
zation of 520 lb/hr of liguid hydrogen using ram alr as a heat source.
The methods of calculation used in the heat-exchanger design are presented
in appendix B where the performance of the heat exchanger 1s calculated
for the design conditions. These calculations indicated that an alrflow
of 1.75 1b/sec would be sufficient to vaporize 520 1b/hr of fuel and that
the air-side temperature drop would be 57.8° R. The average tube wall
temperature computed for the design condition was 309° R, and the fuel-slde
film coefficlent was 71.5 Btu/(hr)(sq £t)(°R). Because of the high wall
temperatures necessary to prevent the formation of liquid air, the hest
exchanger was forced to operate in the f£filw boilling region. Reference 7
indicates that hydrogen bolls in this region when the temperature differ-
ence between the tube wall and the liquid is sbove 10° R.

For an airflow of 1.75 lb/sec and a fuel flow of 520 Ib/hr the
total-pressure loss on the air side of the heat exchanger was calculated
to be 53 1b/sq ft. : : :

Experimental Heat-Exchanger Performance

The heab-exchanger performance datas obtained during this investigs-
tlon are presented in table I.

Air-slde total-pressure loss. - The varlation of the sir-side total-
pressure-loss ratio (P, - 3)7P2 with corrected ram asirflow is presented

in figure 8 for three fuel flow rates. The ram airflow was corrected to
NACA standard sea-level conditions by use of the conventional parsmeters
of temperature ratio € and pressure ratio & +to account for variations -
in inlet conditions (ref. 8). The design airflow of 1.75 lb/sec at the

50,000-foot flight condition corresponds to a corrected sea~level airflow
of 9.7 lb/sec for which a total-pressure-loss ratio of 0.175 was obtained.
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This amounts to a total-pressure loss of 62 Ib/sq ft for the design alr-
flow. The effect of fuel flow on the air-side total-pressure-loss rabio
could not be detected within the range of fuel flows investigated.

Vaporization capaclty. - The ablility of the heat exchenger to vapor-
ize fuel can be illustrated by the ratio of the heat lost by the alr to
the latent heat of vaporization of the fuel flowlng through the heat
exchanger. Values of this enthalpy ratio equal to 1.0 indicate complete
vaporization of the fuel while values greater than 1.0 show a degree of
superheating. Enthalpy ratios below 1.0 indicate incomplete vaporiza-
tion and mey be interpreted as fuel quality; that is, a welght ratioc of
gas flow to total flow. The enthelpy ratio 1s plotted as a function of
ram airflow in figure 9(a) for three fuel flows. With a fuel flow of 522
1b/br an airflow of 1.4 1b/sec was reguired for complete vaporization.

The maximum fuel flow which could be completely vaporized by this heat
exchanger was 565 Ib/hr as shown in figure 9 where enthelpy ratio is pre-
sented as a function of fuel flow for three airflow rates. The alrflows
Investigated are limited to & range from 1.76 to 2.12 lb/sec and resulted
in grouping all the data around a single curve. Fuel flow rates less than
565 1b/hr were superheated by the airflows presented as indicated by values
of the enthalpy ratio grester than 1.0,

Fuel temperature rise. - The amount of superheat obtained is shown
in figure 10 where fuel temperature rise is presented as a function of
fuel flow for three airflows. The apparent scatiter of these data was
attributed to the erratic nature of the fuel outlet tempersture probably
caused by a small degree of liquid carryover from the heat exchanger.
Because of the scatter only two curves could be drawn, one for airflows
of 1.76 and 1.83 lb/sec and one for an airflow of 2.12 1b/sec. For the
lower ram asirflows the amount of superheat varied from about 30° R at &
fuel flow of 300 1b/hr to zero at a fuel flow of 565 Ib/hr.

Tube well temperature. - To prevent the formation of liquid or solid
air, the heat exchanger was operated with tube wall temperatures well
gbove the bolling polnt of alr, The average tube wall temperatures for
the banks of tubes at the glr inlet and outlet of the heat exchanger are
presented as functlons of fuel and airflows in figure l1lli. The individual
temperature measurements, located as shown in figure 3, were aritbmetically
averaged for the inlet and outlet banks of tubes. The gyerage tube tem-~
perature on the alr outlet side increased from sbout 220° to 340° R as
the airflow was increased from 0.4 to 2.2 Ib/sec with a fuel flow of 522
1b/hr. The effect of varying fuel flow from 522 to 613 1b/hr was not
discernible. The inlet bank of tubes was sbout 50° R warmer than the
outlet bank of tubes. The effect of fuel flow on the average tube wall
temperatures (fig. 1l) indicates very little change in wall temperabure
through a wide range of fuel flow for the alrflow rates investigated.

For example, with an dirflow of 2.12 lb/sec the average air inlet wall
tempersture decreased from 382° to 3760 R as fuel flow was increased from




8 - - RACA RM ES7F14

300 to 600 lb/hr. A comparison of both parts of figure 11 shows that the
tube wall temperatures were more sensitive to changes In alrflow than
fuel flow. ’ ' )

Fuel-side heat-transfer coefficlent. - The fuel-side heat-transfer
coefficient was calculated from an average of all the tube wall tempera-
ture measurements and the average enthalpy drop of the alr. No attempt
was made to refine the calculations to account for heat transfer through
the inlet and outlet fuel manifolds. The fuel-side heat-transfer coeffi-
clent is presented as a functlon of fuel flow for three sirflow rates 1in
figure 12. The data for the three alrflows were grouped around & single
curve., Figure 13 shows that the fuel-side heat-transfer coefflclent in-
creased from 50 to 70 Btu/(kr)(sq £t)(°PF) as fuel flow was increased from
150 to 600 Ib/br for an airflow range from 1.76 to 2.12 1b/sec.

Alr tempersture rise. - Although the cooling capablllty of the fuel
was not utilized in this investigation, the extent to which alr can be
cooled by the vaporization of liquid hydrogen 1s of interest. The average
tempersture drop of the alr is presented in figure 13 as a function of
both airflow and fuel flow. The temperature drop of the air varied from
sbout 135° R at an airflow of 0.4 lb/sec to 50° R at an ailrflow of 2.2
1b/sec for a fuel flow range from 522 to 613 lb/hr. The effect of fuel
flow on the tempersture drop of the sair was nobt pronounced. For example,
with an alrflow &f 1.83 lb/sec the temperature drop of the ailr increased
from gbout 40° to 600 R as the fuel flow was lncreased from 150 to 525
1b/hr. Comparison of figures 13 and 11 shows that the air temperature
drop follows the trends observed for the average tube wall tempersabures.

Temperature profiles. ~ Some insight into the varistlion of the fuel= .
side heat-transfer coefficient along the length of the tube can be ob- !
talned from the alr and tube wall temperature profile since any change in
coefficient would be reflected in these profiles. Typlcal wall tempers-
ture profiles measured slong the inlet add outlet tubes of the heat ex-
changer are presented in figure 14 for several fuel and alr flows. The
tube walls are colder near the top and bottom manifolds because of conduc-
tlon from the warm tubes to the cold manifeolds. - T N '

Air temperature gradients at the 1nlet and outlet of the core were
measured at the same conditions as the well temperatures and are presented
in figure 15. The inlet air was warmer near the duct walls because the
altitude test chamber was warmer than the ram-ailr supply. The outlet air
temperature profile was of the same general shape as the tube wall tempera-
ture profile. Since no discontinuities were observed in these temperature
profiles and theilr shapes were unaffected by changes 1n fuel flow, it is
believed that no abrupt change in fuel-gide hegb-transfer coefflclent
existed along the length of the tubes. It is further believed that the
tube wells were covered by a layer of gas surrounding a core of boiling
ligquid. The boiling within the ftubes was probably very violent. This

S09%
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broke the liquid into smell droplets some of which were probably carried
into the upper manifold. As the droplets struck the splash plates in the
upper manifold, they may have been collected to some extent and fallen back"
into the tubes. Some liquid carryover was evidenced by the erratic be-
havior of the fuel outlet temperature as mentioned previously.

Religbility

The heat exchanger was operated for 23 hours during the development
of the aircraft fuel system. During thls time 38 runs were made. In each
run the hegt~exchanger~cutlet fuel tempersture was forced to decrease from
about 500° to 100° R in about 30 seconds. No failure of the welded or
gilver-soldered Jjolnts in the heat exchanger was encountered during the
investigation.

The engine was operated stably with as much as SO-percent-unvaporized
fuel leaving the heat exchanger. In these cases a fairly uniform mixture
of gas and liquid must bhave been present at the heat-exchanger outlet.
This was probably due to the violent type of boiling in the heat-exchanger
tubes and the use of splash plates in the upper menifold as mentioned
previously.

Some oscillations of fuel flow were encountered during the initial
portion of some of the runs and caused varlations in engine speed of il%

percent (ref. 3). Although not generally acceptable, these instabilities

could be tolerated for the flight tests of this initial hydrogen fuel
system because their effect on alrcraft performance was smgll and they
damped out within 10 minutes of operation. In the investigation reported
in reference 5, however, the fuel system was so unsteble that an sutomatic
high-response control had to be used to permit engine operation. It is
believed that the instabilities in liquid-~-hydrogen fuel systems originate
in the bheat exchanger. However, the exact mechesnism of these instabili-
ties is not understood. Therefore, further research is required before a
completely satisfactory heat exchanger can be designed.

The heet exchanger of this report was examined seversal times for ice
formation immedistely after hydrogen opersgtion with ram air still flowing.
No ilce was found on the tubes. The ram alr used for this investigation
had a moisture content of less than 0.5 grain per pound of dry alr. Ice
formatlion on the heat-exchanger tubes may become important in the design
of heat exchangers to operate at lower altitudes where more moisture is
present in the sir. However, further research is required to determine
the quantity of moisture which can be tolerated and the nature of the
ice formation.
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SUMMARY OF RESULTS

A ram-gir heat exchanger was built to vaporize the ligquid-hydrogen
required by & turbojet engine at an altitude of 50,000 feet and a flight
Mach number of 0.75. The heat exchanger was designed to vaporilze 520
pounds per hour of liquid hydrogen using 1.75 pounds per second of ram
air as s heat source. The predicted performance of the heat exchanger
agreed falrly closely with the experimental results.

Experimental results presented in this report indicate that a ram
airflow of 1.76 pounds per second was sufficlent to vaporize 565 pounds
per hour of fuel. At this condition the sir-side temperabure drop was
62° R. The heat-transfer coefficlent between the fuel and the tube wall
increased from 50 to 70 Btu/(br)(sq £t)(°R) as fuel flow was increased
from 150 to 600 pounds per hour for an aslrflow range from 1.76 to 2.12
pounds per second.

Some fuel system instsbilities occurred durlng the Inltisl portion
of some of the-runs made, It is believed that these instsbllities origi-
nated in the heat exchanger. However, further research is required to
fully understand the mechanism of the instebilitles and thelr relsiion to
other fuel system components. Although previous liquid-hydrogen fuel
systems have been very unstable, the instabilitiles associated with this
fuel system were of small enough magnitude and durastion to permit flight
operations. ' ] ' R

Lewls Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, June 14, 1357
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APPENDIX A

SYMBOLS
air-side heat-transfer area, sq ft
air-side free-flow area, sq £t
fuel-side heat-transfer area, sq ft

heat-exchenger frontal area, sq £t

specific heat, Btu/(1b){°R)

AT,
cooling effectiveness, @;:E—:qu

friction factor _

weight flow rate per unit area, lb/(hr)(sé £t)
acceleration due to gravity, ft/sec?

enthalpy, Btu/lb

latent heat of vaporization, Btu/lb

air-side heat-transfer coefficient, Btu/(nr)(sq £t)(°F)
fuel-side heat-transfer coefficient, Btu/(hr)(sq £t)(°F)
le;gth of core parallel-to alrfliow, £t

maximum number of heat-transfer units

total preksure, 1b/sq ft abs

Prandtl number _

static preséure, lb/sq Tt abs or Ib/sq in. abs
Reynolds numper "

hydraulic radius

indicated temperature, °R
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U over-all heat transfer coefficient, Btu/(hr)(sq £t)(°R)

w  welght flow T

8 ratio of inlet total pressure to NACA standard sea-level preséure

Mo over-all fin efficiency -

e ratio of lnlet total temperature to NACA standard sea-level
temperature

m absolute viscosity, 1b/(hr)(ft)

p density, 1b/cu ft

e electrical resistance, ohms

Subscripts: ) - i _

a alr

T fuel

m mean

W wall

1 station in inlet-mir duct for airflow measurement

2 hest-exchanger inlet-

3 heat-exchanger outlet

S09¥
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APPENDIX B

DESIGN CALCULATIONS

A summary is presented of the calculations involved in the design
of the heal exchanger used to vaporize the liquid hydrogen for the air-
craft flight tests. The heat exchanger used for these studies may not
represent the optimum deslgn, but the lmportant factore sre satisfactory
operation under the established flight conditions, safety, and the avail-
ebility of commercial heat-exchasnger-core materizl. A trial-snd-error
series of calculations similar to that in reference 9 was carried out in
an effort to match the heaf-transfer characteristics of the core to its
air-side total-pressure loss. The methods of calculation used can best
be illustrated by evaluating the resulting core. The following condi-
tions were specified by the selection of the fllght and engine operating
conditions:

Altitude, ft e @ & ® o @ & o e 3 e ® @ @ a & e w8 ® & © & © ® a s 50,000
Flight Mach number o . . e e 4 o 4 o o s o 2 s s e s « a2 o s s o 075
Inlet alr total temperature, CR 4 4 v e e e e e e s v e e e s . 437
Inlet air total pressure, 1b/sq £t 8D8 « « + « o =« « o o o o 2 & « 353
Altitude static pressure, 1b/sq FTEL DS « =« o 2 « + ¢ o o s a o o o 243
Fuel T1oW, IB/HT o o ¢ « « « o = o s o o o o o s o o s « s s« o « o 520
Fuel pressure, lb/sq in. abs « o e« s 2 e s = e s s o a 55
Inlet fuel tempersiture, °R (saturated llquid) Y X 5
Average tube wall temperature, R o v ¢ « ¢« « o ¢ « ¢ « & « o« 2 o >140

The following conditions resulted from the trial-and-error calculations:
Ram airflow, Ib/sec e o ¢ o s s s 8 o s a a2 e s a s s e s s e s s 1.75
Integral finned copper tubes

Iength, dBle o o« o« o o o o s « ¢ o o o s ¢« s o o s s o« s s o o » « « 12
Ingide Giemeter, IMe « « « « « o o« ¢ o o s o s o s « o a « s s o« « 5/8
Wall thickness, dfle ¢ o o o o« 4 s o o o o o o o« o ¢« o o o« o o o« 0,049
Fin spacing, Fins/iNe « o ¢ « o o « o« o o o o o & o o o o o o 8 oo T

Fin Outsid.e dia.meter, in- s e 8 & 8 e & 3 &8 @ ¢ & & & e & v s S e = lE
Mean fin thickness, Il « « o« o ¢ o ¢ o« ¢ o o o o s ¢ s ¢« « o« o« 0,024

Core dimensions (see fig. 2)

Total number of HUDES o o« o« ¢ o o o« o 2 s o s 2 = o o o a = s o « « 28
Width (normal to fuel and air flows), IN., « « « « o s « o o o o s

Height (parallel to fuel f1ow), IMe + « « ¢ o = « o o o o o o = « o 1
Length (parsllel t0 airflow), 3. o « o s « o o o o o o o o o = o «
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The followlng areas are necessary to evaluste the performance of the

" heat exchanger: . .
Heat-exchanger frontal area, s ft o« ¢ v ¢« & ¢« ¢ ¢ ¢ s o ¢ ¢« o« « 0.813
Air-gide free-flow sxrea, 8@ £ ¢« « o ¢« ¢« ¢ o ¢« o s s o« o« o« o « o« 0.386
AiI‘-Side heat-transfer &I'ea, Sq_ ft . - [ . . - - - . . L . L] [ [ ] [ ] 45-9
Fuel-gide heat-transfer area, Sq £ .« o o "i7% e e s o s o o o o« « 4,6

-Air-side hydraulic I'S.dius, ft . . . . . = e e - . L] L] L] . a - - 0.0049

>
. a3
Over-All Heat-Transfer Coefficient Needed to Vaporize All Fuel o
The over-8ll heat-transfer coefficient necessary for camplete vapor-
ization of the fuel required by the engine was calculsted from the rela-
tion between heat-exchanger effectiveness E and the maximum number of
heat-transfer units NTU. This relation was cbtained from reference 9
Tor a crosaflow evaporator and is reproduced in figure 16. To use this
relatlon the air temperature drop was calculated from a heat balance:
wacp,dﬁTa = WfHL
The latent heat of vaporization of liquid bydrogen, obtained fram ref-
erence 10, is 168 Btu/lb at 46° R,
Thus, -
_ 520x1.68 _ o .
ATe = T 7ex3600%0.24 =~ 0 -9 R (B1)
and
AT
a 57.8
E = T - T -G " 0.148 (B2)
Then, from figure 16,
Aapa
NTU = ~w——— = 0,15
VaCp,a,

from which the over-all hest-transfer coefficient based on the air-side
heat-transfer area was calculsted:

U, = 2-20XL.ToX8800X0-22 _ 4.95 Btu/(nr)(sq t)(°R)
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Over-All Heat-Transfer Coefficient Calculated from
Expected Air- and Fuel-Side Film Coefficients
The over-all heat~transfer coefficient expected for the particular’

core gecmetry end operating conditions was calculated from the air- and
fuel-side £ilm coefficients by using the following equation:

1 _ 1 1
T = e + fi'hf (B3)
Ay

Although the core of this heat exchanger was not exactly like any
of those included in reference 9, its air-side heat-transfer character-
istic was estimated from that date and the sir-side Reynolds number.
The Reynolds number was calculated as follows:

Y,
n g
~ ¢ AX0.0049%X1.75x3600 _
Re = —— = ==5.%86%0.036 = 8900 (8¢)

Where the viscosity up of air was taken from reference 11 at the
average air temperature 408° R, the air-side heat-transfer character-

istic (haAc/ﬁacp’a)(Pr)z 5 was estimated to be 0.004 from reference 9.
The air-~side £film coefficient was then calculated:

_ 0.004XL. T5X3600X0. 24
by = 0.386%0.5815

= 19.2 Btu/(hr)(sq £t)(°R)

The value of Prandtl number Pr was taken fram reference 11 at the
average alr temperature.

The over-all fin efficiency 1, 1is & function of the geometry of

the core and the air-side f£ilm coefficient. A velue of the fin effi-
ciency for this core of 0.895 was calculated from the dats in reference 9.

The fuel-side film coefficient was estimated from the hydrogen poi-~
boiling data of reference 7 and the average temperature difference be-~
tween the tube wall and the fuel. The average wall btemperature was
calculated from the air-side film coefficient as follows:

AT
welly, = ‘haﬁaéﬁa,z = —EE - T;) (B5)
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57.8
520X168 = -19.2X45.9 (437 - - - Tw)

_ o
T, = 309" R
from which the temperature difference between the wall and the fuel is
Tw - Te = 309 ~ 46 = 263° R

The fuel-side film coefficient was estimated to be 71.5 Btu/(hr)(sq £t)
(°R). Substituting these values into equation (B3) yields

569 7L.5 = 0.0548 + 0.139

1
1 .

L . + X
U,  0.95x19.2 = 4

and U, = 5.15 Btu/{hr)(sq £t)(°R).

Comparison of the over-sll heat-transfer coefflicient required to
vaporize all the fuel and the over-all coefficlent calculated from the
expected air- and fuel-side film ccefficients indicated that the core
selected would be slightly conservative.

Air-Side Total-Pressure Loss

The- following equatlon was used 4o calculate the air-side total-
pressure loss of the heat exchanger:

2 A
Y- S Y PO T Gl L/ R O s (6)
Py 28 PPy Ap. Py A, Py
A friction factor f of 0.017 was estimated from the data pre-

sented for similar heat exchangers in reference 9. Because the Mach
numbers entering and leaving the heat exchanger were below 0.2, it was
assumed. the static and total pressures were equal. With these assump-
tions a total-pressure loss of 53 lb/sq £t was calculated. Since the

difference between total and statlc pressures in flight was 110
1b/sq ft, this core was considered satisfactory.

S0g¥
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TABLE I. - HEAT-EXCHANGER FERFORMANCE

e o e mAT———————werEn == = = - - T - - ==
algu— L SSoco o oo TP o E oo = bl
Air- Fuel |(Inlet Alr Inlet Puel Inlet Qutlet |Fuel Enthalpy| Heat- Inlet |Total
flow, |flow, lair temper- |fuel temper-|wall wall static ratlo transfer| air pres-
w N Wos temper-|ature temper- ature temper~ | temper- | pressure,[ 4Hg/Hr |coeffi~ | total |sure
a,l1 ature, |drop, ature, |[rise, ature, |ature, Pe» clent, prea- {losme,
An/ace| ib/te ) g o0 | AT, Tes | ATes | Twy2, | Tw,s, 1b/af[ in Bgs  pBure, (AP
, .
°R SR °R °R SR °Rr abe Btu/(hr) Pa,z' 1’.,2
o {sq ft) |1b/8q
’?"r) £t abs

1 }1.78 3561 436 53 45.5 23.0 368 328 52.9 1.40 6l.1 321 0.215
2 {1.77 376 441 55 48.5 15.7 364 328 53.4 1.35 63.8 322 .al4
3 (1.76 386 442 56 46.5 16.8 582 326 53.4 1.33 63.9 322 .21é
4 |1.75 409 442 57 46.4 1l9.6 385 326 52.9 1.26 64.2 319 .213
5 [1.75 412 442 57 47 .4 19.86 365 326 54.3 1.28 54.6 328 241
8 [1.75 417 442 58 46.5 14.0 364 324 52.2 1.27 65.6 320 -219
7 {1.78 £42 442 56 46.5 7.3 370 329 53.4 1.17 62.3 320 209
8 (1.76 451 443 59 47.4 11.8 365 324 5¢4¢.3 1.22 66.5 327 .259
9 |1.79 505 443 &0 46.0 4.7 362 319 50.7 1.06 68.3 320 216
1.83 151 434 41 45.6 90.4 396 357 55,4 - 2.58 49.6 390 133
1.80 322 437 53 46.8 28.2 368 328 55.4 1.55 62.4 325 214
1.82 372 439 55 46.7 21.9 367 328 54.4 1.40 64.7 319 219
1.84 387 435 54 46.5 19.0 362 323 55.4 1.335 64.68 321 231
1.87 387 440 53 45.3 10.4 369 330 52.4 1.32 §2.1 330 .227
1.80 398 441 54 46.3 10.4 370 332 52.4 1.27 §0.9 324 .218
1.8C 438 444 57 46.0 18.2 366 528 51.4 1.19 66.3 323 ,211
1.84 451 441 57 46.5 17.3 368 523 51.4 l.22 68.0 320 213

1.83 471 443 55 46.3 3.9 370 328 52.4 1.13 £%.9 324 .
1.88 518 440 58 46.6 3.6 380 318 53.4 1.10 70.8 323 223
2.02 265 430 £1 456.6 52.4 384 346 56.9 1.83 535.3 383 181
2.10 325 431 45 45.6 33.4 378 341 55.9 1.51 59.8 394 179
2,11 354 433 47 46.9 29.7 386 345 55.4 1.47 81.2 391 .182
2.11 400 439 48 47.0 22.5 384 341 55.4 1.33 &§2.2 380 .192

2.12 459 432 50 48.3 9.2 370 32T 53.9 1.18 66.7 387 .
2.12 457 435 50 46.6 16.7 377 334 52.9, 1.21 65.4 389 .203
2.07 471 458 £9 46.2 1.0 - 381 338 51.9 1.11 60.6 386 .187
2.18 480 438 49 46.7 7.3 577 333 52.9 1.15 65.0 391 208
2.15 499 435 51 45.85 5.7 373 327 54.9 1.14 68.3 397 204
2.15 527 442 53 46.8 8.7 382 3335 55.4 1.12 68.1 391 .192
2.13 587 442 53 46.2 " 8.6 381 330 . 52.4 1.03 68.5 390 201
2,14 592 441 5¢ 45.8 2.0 377 327 54.4 1.03 71.6 387 222
2.17 608 442 51 45.8 l.4 382 337 52.2 .9351 66.3 395 210
2.17 622 437 50 45.8 1.1 377 332 51.9 .890 65.9 395 .207
.3607| 519 451 144 45.3 — 280 216 48.2 501 48.0 353 017
.915 525 448 56 45.3 —— 325 277 48.2 .858 64.4 348 .058
1.18 525 446 a2 45.2 ———— 339 295 48.1 .927 66.8 350 .089
1.38 523 446 76 45.2 ——— 345 302 48.1 1.005 70.4 542 .108
1.61 524 448 . 86 45.2 ———— 358 314 47.8 1.014 68.4 543 .152
1.78 | 51% 447 62 - 45.3 - 386 322 48.1 . 64.5 336 211
1.87 523 448 59 45.3 —— 388 328 48.1 1.056 66.2 333 -249
.537 | 871 449 131 47.8 .9 317 234 54.15 .639 58.1 256 .035
.666 | 578 —_— —_— 47.5 1.4 —— — 53.7 § ——eem ——— 269 .086
1.54 568 445 67 47.5 2.8 364 318 55.2 . 946 65.1 308 .18%
1.84 578 447 61 47.5 3.1 367 -330 §53.2 .994 70.1 329 <240
2.21 561 444 51 47.5 4.3 373 542 52.7 1.03 68.7 347 354
.495 612 451 117 - | 47.6 -4 309 235 53.9 490 48.5 259 .039
.958 &13 450 S9 46.2 1.2 336 283 51.C .798 67.5 271 .096
1. 603 448 75 45.9 1.3 355 311 §1.3 .905 68.3 297 .1656
1.82 622 443 59 48.8 1.9 365 320 52.8 904 68.3 326 242
1.83 618 445 &0 45.7 2.1 368 322 52.8° .927 69.3 329 .231
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Figure L. - Schemetic diegram of airecraft liquid~hydrogen fuel syetem.
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Figure 2. - Schematic diagram of heat exchanger.
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iﬂﬁ;ﬁﬁﬁ:ntm // Carbon resistor, 100 ohms
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140° R) per ’ (current = K = 0.1 milli-

aup)
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8
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Figure 5. - Comparison of low-temperature mesguring devices.
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Recording potentiometer

+ -

.
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Figure 6. - Circuilt dlagrem for carbon resistor probe.
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Flgure 7. - Location of heat-exchanger instrumentation.
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Total-pressure-loss ratio, (P&’,2 - Pa,s)/Pa,g

.36

.32

.28

[\
™~

.20

.16

.12

.04

Corrected airflow, wg,14/63/65, 1b/sec

Figure 8. - Air-gide total-pressure loss.
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Figure 9. = Ratio of heat lost by air to latent heat of vsporizetion of

fuel.
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Fuel temperature rise, ATp, °R
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Figure 10. - Fuel temperature rise.
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Fuel flow, Wg, 1b/hr
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Figure 11. - Average wall temperature for air inlet and outlet banks of

tubes.
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Figure 12. -~ PFuel-gide film coefficient.
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Air temperature drop, AT,, °R
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Flgure 13. - Air-side tewmperature drop.
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Wall temperature, T, °R
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Distance from bottom, in.

(b) Air inlet tube bank.
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300 / o 588 1.81
E o 616 1.83
A g822 1.82
(a] 518 1.82
¢ 451 1.76
&) 412 1.75
260 I | { ! 1
(a) Air outlet tube bank.
420
° / \
380 G
el
240 Bottom Top
0 2 4 8 8 10 12

Figure 14. - Wall temperature gradients for sir inlet and ocutlet banks of

tubes.
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Air temperature, T,, °R
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(2) Alr inlet temperature gradient.

400

380

360

2 4

(b) Alr outlet tempersture gradient.
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Figure 15. - Alr temperature at inlet and outlet of heat exchanger.



34

Cooling effectiveness, E, AT,/ (Ta,z - Tp)
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Figure 16. - Relaftlon of cooling effectiveness to quantity NTU for crossflow
eveporator (ref. 9).
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